We analyzed the pH-induced mobility changes in moPrP C α-helix and β-sheets by cysteine-scanning site-directed spin labeling (SDSL) with ESR. Nine amino acid residues of α-helix1 (H1, codon143-151), four amino acid residues of β-sheet1 (S1, codon127-130) and four amino acid residues of β-sheet2 (S2, codon160-163) were substituted for by cysteine residues. These recombinant mouse PrP was measured as a mobility parameter of nitroxide residues (R1). The mobilities of E145R1 and Y149R1 at pH 7.4, which was identified as a tertiary contact site by a previous NMR study of moPrP, were lower than those of D143R1, R147R1 and R150R1 reported on the helix surface. Thus, the mobility in the H1 region in the neutral solution was observed with the periodicity associated with a helical structure. On the other hand, the values in the S2 region, known to be located in the buried side, were lower than those in the S1 region located in the surface side. These results indicated that the mobility parameter of the nitroxide label was well correlated with the 3D structure of moPrP. Furthermore, the present study clearly demonstrated three pH-sensitive sites in moPrP, i.e., (1) the N-terminal tertiary contact site of H1, (2) the C-terminal end of H1 and (3) the S2 region. In particular, among these pH-sensitive sites, the N-terminal tertiary contact region of H1 was found to be the most pH-sensitive one and was easily converted to a flexible structure by a slight decrease of pH in the solution. These data provided molecular evidence to explain the cellular mechanism for conversion from PrP 
Identification of pH-sensitive regions in the mouse prion by the cysteine-scanning spin-labeling ESR technique
was measured as a mobility parameter of nitroxide residues (R1). The mobilities of E145R1 and Y149R1 at pH 7.4, which was identified as a tertiary contact site by a previous NMR study of moPrP, were lower than those of D143R1, R147R1 and R150R1 reported on the helix surface. Thus, the mobility in the H1 region in the neutral solution was observed with the periodicity associated with a helical structure. On the other hand, the values in the S2 region, known to be located in the buried side, were lower than those in the S1 region located in the surface side. These results indicated that the mobility parameter of the nitroxide label was well correlated with the 3D structure of moPrP. Furthermore, the present study clearly demonstrated three
Introduction
Transmissible spongiform encephalopathies (TSEs), or prion diseases, are a group of fatal neurodegenerative disorders including Creutzfeldt-Jacob disease,
Gerstmann-Sträusler-Scheinker syndrome, fatal familial insomnia and kuru in humans, scrapie in sheep and bovine spongiform encephalopathy (BSE) in cattle [1, 2] . According to the "prion-only hypothesis" [1, 3, 4] , the abnormal (scrapie-like and β-sheet-rich) form of prion protein (PrP Sc ) converted from the normal cellular prion protein (PrP C ) is recognized as the only pathogenic component of TSEs. Mammalian PrP C is a ubiquitous glycoprotein attached to the plasma membrane via a glycosyl phosphatidylinositol (GPI) anchor [1] . As illustrated in Figure 1A , mouse PrP (moPrP) consists of 208 amino acids (residues 23-231).
The carboxy-terminal domain of moPrP (121-231) is defined as a tertiary structure and contains three α-helices (Helix1, Helix2 and Helix3) and two short anti-parallel β-sheets (Sheet1 and Sheet2) [1, 5, 6] .
Though the precise mechanism of conversion from PrP [7] [8] [9] . Recent circular dichroism (CD) spectroscopic studies showed that acidic conditions in the presence of a denatured agent induce a β-sheet-rich intermediate in human (90-231) and mouse PrP (121-231) in vitro [7, 10, 11] . The study, which used antibodies to probe the structure of recombinant Sylian hamster PrP (residues 90-231), indicated that the conformation of epitopes localized in the C-terminus was insensitive to pH, whereas that of the N-terminus was sensitive [12] . NMR measurement of the full-length human PrP showed that the octapeptide repeats in the N-terminal domain constituted pH-dependent PrP oligomerization; however, this was not detectable around pH-sensitive regions in the C-terminal domain [13] . In contrast, studies using molecular dynamics (MD) simulations 4 proposed the presence of a pH-sensitive region in the C-terminal globular domain on Sylian hamster PrP 109-219, human PrP 125-228 and bovine PrP 124-227 [14, 15] . In fact, high resolution NMR and the thermal stability of the globular domain of truncated prion protein (hPrP 121-230) suggested that the residues at the C-terminal end of helix1 and residues 161-164 of β-strand2 were candidates for the "starting point" of pH-induced unfolding and implicated in endosomic PrP C to PrP Sc conformational transition resulting in TSEs [16] .
However, for the full-length PrP C , there is no experimental evidence that low pH induces a conformational change in the globular region of PrP.
Recently, site-directed spin labeling (SDSL) combined with electron spin resonance spectroscopy (ESR) has proven to be a useful technique for protein structural and motional analyzes, such as determination of the secondary structure and its orientation, areas of tertiary interactions and domain mobility [17] [18] [19] [20] . The data of SDSL-ESR are applicable for conformational analysis of high molecular weight proteins, whereas NMR and X-ray crystallographic methods are impossible to use for such analysis [17] . In SDSL, the nitroxide side chain (R1) derived from a sulfhydryl-specific nitroxide agent such as a methane thiosulfonate spin label (MTSSL) is introduced into the target codon in the protein sequences by using site-directed mutagenesis (Fig. 1B) . Recently, by using this cysteine-scanning spin labeling method to obtain structual information on erythroid α and β spectrin peptides, which are not easily studied by either NMR or X-ray methods, a new amphipathic nature of the helical regions, which is critical in αβ spectrin association at the tetramerization site, was reported by Mehboob et al. [21] , indicating that this technique is a powerful tool for monitoring the structure and dynamics of proteins. We have also applied this method to obtain biophysical information on moPrP and reported the thermal stability and pH-dependent mobility changes in three recombinant moPrP mutations (N96C, D143C and T189C) labeled with MTSSL on the full-length prion protein [22] .
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In the present study, we used the cysteine-scanning spin-labeling method to analyze the dynamics of recombinant moPrP mutants that were singly labeled at seventeen residues in α-helix1 (H1, codon143-151), β-sheet1 (S1, codon127-130) and β-sheet2 (S2, codon160-163).
We determined the locations of the pH-sensitive protein sequences in the H1 and S2 regions.
Materials and Methods

Materials.
(1-Oxy-2,2,5,5-tetramethyl-3-pyrroline-3-methl)methanethiosulfonate Construction of moPrP mutants. cDNA encoding mouse PrP (residues 23-231) was cloned into BamHI/EcoRI sites of pRSETb as described previously [22, 23] . In the plasmid encoding moPrP, single amino acids at H1, S1 and S2 were substituted for by cysteine residues (Fig.   1A ). These moPrP mutants were generated by the PCR-based site-directed mutagenesis method [22, 24] . Oligonucleotides used in the mutagenesis were obtained from Sigma
Genosys. The change of the target codons by cysteine residues was confirmed using a CEQ8800 automated sequencer (Beckman Coulter, Inc.).
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Expression and Purification of recombinant moPrP mutants. The expression and purification of recombinant moPrP mutants were modified from those described previously [22] . The expression plasmids were introduced into E. coli BL21(DE3)LysS. E. coli BL21(DE3)LysS with each moPrP construct was grown overnight in 100 ml of SOB liquid culture medium containing 1% sucrose and 0.1 mg/ml ampicillin and 0.05 mg/ml chloramphenicol at 37 o C.
Then 15 ml of overnight culture was added to 450 ml of SOB medium with 1% sucrose and 0.1 mg/ml ampicillin and 0.05 mg/ml chloramphenicol and grown at 37 use. The protein concentration was quantified with the Lowry protein assay using BSA as a standard [25] . The final protein purity (>98%) was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Commasie Brilliant Blue staining.
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Spin-labeling of moPrP mutants. To label the moPrP mutants with MTSSL, a 10-fold molar excess of MTSSL was added to each protein and incubated overnight in the dark at 4 o C. The free MTSSL was removed from the protein using a microdialyzer (Nippon Genetics). To confirm that the α-helix content of spin-labeled moPrP mutants was similar to that of wild-type moPrP, we used a far-UV CD spectropolarimeter (J-820, JASCO) [22] . The sample was diluted to 0.3 mg/ml protein concentration and scanned using a scan speed of 50 nm/min and a response time of 2 sec. In all mutants, the two minima (208 and 220 nm), typical of a mainly α-helix-structure protein, were clearly observed and there were no differences in the α-helix content between wild-type moPrP and spin-labeled moPrP mutants [22, 26] .
ESR spectroscopy.
Details of the ESR spectroscopy methods have been published
elsewhere [22] . The pH change of the sample solution was carried out by dialysis of the The plotted data of 1/δH 0 shown in Fig. 2B indicate the periodical changes in the H1 region.
In the S1 region, the ESR spectrum of M129R1 was slightly narrower than those of the other positions in S2 (Fig. 3A) and the 1/δH 0 (3.20) of the M128R1 mutant was slightly higher than those of Y127R1 (2.86), L129R1 (2.88) and G130R1 (2.84) (Fig. 3B ). In the S2 region, there were no differences in the line shapes of the ESR spectra of V160R1, Y161R1, Y162R1 and R163R1 (Fig. 4A) and the values of 1/δH0 from the ESR spectra of these four mutants ranged 9 from 2.1 to 2.3, indicating that the nitroxide probes in S2 were strongly immobilized in comparison with those in S1 (Fig. 4B) .
pH-induced conformational changes in moPrP C
Since it has been suggested that acidic pH is involved in the conformational transition from PrP pH-dependent conformational change from a rigid to a flexible structure. In contrast to this, the decrease of pH induced line broadening in the ESR spectra of R150R1 and R151R1. In the β-sheet regions, no pH-dependent changes in the line shapes of ESR spectra of S1 were observed (Fig. 3A) . However, the decrease of pH induced narrow line shapes in the ESR spectra of V160R1 and Y161R1 in S2. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 35] . Recently, the in vivo conversion of human brain PrP C to a PrP Sc -like form was reported to be enhanced at acidic pH [36] and biophysical studies have shown that the free energy of unfolding of hPrP(90-231) is lower at acidic pH than at neutral pH [10] . A β-sheet-rich folding intermediate was observed for moPrP (121-231) at low pH in urea but was also seen at neutral pH [37] . The mechanism for pH-dependent structural changes of prion protein were reported in molecular dynamics (MD) simulation studies [14, 15, 38] . On the other hand, experimental data about the pH-sensitive region of prion proteins seem to be insufficient although there was one report suggesting that the C-terminal end of Helix1 and 161-164 of S2 have a larger tendency to unfold as revealed by NMR with amide proton protection factor mapping of the globular domain of PrP [16] .
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The SDSL-ESR technique can be used to analyze high molecular weight proteins for which NMR spectroscopic and X-ray crystallographic methods are not generally applicable [17] [18] [19] [20] . In the present study, we employed the SDSL-ESR technique to obtain experimental information on pH-sensitive regions of recombinant moPrP C . Hubbell et al. first used the inverse of peak-to-peak first derivative width of the central resonance (1/δH 0 ) of the ESR spectrum as a mobility parameter [17] . We also measured the 1/δH0 in ESR spectra at pH 7. D143R1, R147R1 and R150R1 were located on the outer surface of H1, whereas low mobility residues such as E145R1 and Y149R1 were in the inner contact residues of H1. These variations of mobility in the nitroxide probe were well-correlated with the 3D helix structure of moPrP. On the other hand, the fluctuation in the values of 1/δH 0 of the S1 region in neutral pH solution of moPrP was small, although the value at M128R1 was observed to be relatively high (Fig. 3B) . Furthermore, the values of 1/δH 0 of the S2 region were lower than those of the S1 region (Figs. 3B and 4B ). The 3D structure of moPrP identified by NMR (Fig. 5B) showed that the S2 region was located in the buried structure close to H2 and H3, whereas the S1 region was located in the relatively outer side of moPrP. The difference of mobility between S1 and S2 regions can probably be explained by the difference of the tertiary structure of moPrP. To define the relationship between structure and mobility, with the aide of 1/δH 0 , it is convenient to employ a further semiempirical parameter for mobility reflected in ESR spectra:
namely the spectral breadth, which is represented by the spectral second moment (<H 2 >) [39] .
The numerical values of these quantities are mainly determined by the degree of averaging of magnetic tensor values. As the frequency of nitroxide rotational motion is lowered, the second moment and the line width increase. Figure 5A shows a plot of the reciprocal second moment (1/<H 2 >) versus the reciprocal central line width (1/δH 0 ) for the spectra of R1 side chains representing the helix surface, helix tertiary contact and two β-sheets (S1 and S2). As shown in Fig. 5A , the mobility was consistent with the tertiary fold of moPrP and there was a linear correlation between these two parameters. These results indicated that these parameters were related to the 3D structure of PrP.
Since recent reports [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 35] showed that exposure of prion proteins to low pH in endosomes was essential for the conversion from PrP C to PrP Sc , we tried to identify pH-sensitive regions by using the cysteine-scanning spin-labeling technique as described above. In the H1 region, we observed increases of 1/δH 0 at E145R1, D146R1 and R147R1
when pH was decreased from 7.4 to 6.4 (Fig. 2) . The values of R150R1 and E151R1 at pH 6.4
were similar to those at pH 7.4, but these values suddenly dropped when the pH in the solution changed from pH 6.4 to pH 5.0 as shown in Fig. 2B . In β-sheet regions of PrP, as shown in Fig. 3B , the mobility of S1 was conserved against a decrease of pH. However, the values of 1/δH 0 at all four residues of S2 increased when pH was decreased from 6.4 to 5.0 (Fig. 4B) . In particular, the region containing two N-terminal residues of S2, V160R1 and Y161R1, was identified as a more pH-sensitive region than that of C-terminal side residues of S2. Thus, the pH-sensitive domains, including the N-terminal tertiary contact site of H1 and the C-terminal ends of H1 and S2 regions, were identified in recombinant moPrP as shown in Fig. 5C . It is noteworthy that a slight decrease from pH 7.4 to pH 6.4 induced conformational changes in the N-terminal tertiary contact residues of H1 (E145R1, D146R1 and R147R1) though conformational changes in the C-terminal end of H1 (R150R1 and E151R1) and N-terminal residues of S2 (160R1 and Y161R1) required a large change from pH 7.4 to pH 5.0. These findings led us to speculate that the conformational change from the tertiary contact structure to a more flexible structure in N-terminal residues of H1 was the first step for unfolding of PrP, followed by secondary conformational changes of S2 and the C-terminal end of H1.
In a previous NMR study of the globular domain (121-231) of hPrP [16] , two domains, the C-terminal ends of the H1 and S2 regions, were identified as the pH-sensitive regions for acid-induced unfolding leading to a β-sheet rich structure. In addition to these two sites, the present SDSL-ESR study clearly demonstrated that the N-terminal region (E145, D146 and R147) of H1 was also a pH-sensitive region. The N-terminal tertiary contact region of H1 may be important for conversion from PrP histidine at 186 and asparagic acid at 177 of PrP were reported to be candidates for the amino acid residues that trigger the conversion to β-sheet-rich PrP [38, 40] . This conversion model was based on the 3D structural changes due to disruption of a salt bridge with protonation of their amino acid residues caused by a decrease of pH. It is unclear whether these amino-acid residues were actually associated with pH-dependent conformational changes in H1 and S2 as observed in the present study. Further experiments to clarify this are now in progress.
In summary, the present cysteine-scanning SDSL-ESR study for H1, S1 and S2 of moPrP provided experimental evidence for three pH-sensitive sites, (1) the N-terminal tertiary contact site of H1, (2) the C-terminal end of H1 and (3) the S2 region. In particular, the present identification is the first report on a conformational change in the N-terminal tertiary contact site of H1 induced by mildly acidic conditions. This conformational change may be the first step in conversion of PrP The values of 1/δH 0 of the nitroxide probes of S2 mutants are plotted as a function of pH.
Figure 5
The dependency of the mobility parameters of the ESR spectrum on the 3D structure of PrP and identification of pH-sensitive regions of PrP. 
